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Abstract: A novel method to prepare iron and nitrogen co-doped 
carbon nanotubes (Fe-N-CNT) is proposed, based on catalytic 
pyrolysis of waste plastics. At first carbon nanotubes are produced 
from pyrolysis of plastic waste over Fe-Al2O3; then Fe-CNT and 
melamine are heated together in inert atmosphere. Different co-
pyroysis temperatures are tested to optimize the electrocatalyst 
production. Working at a high doping temperature improved the 
degree of graphite formation and promoted the conversion of 
nitrogen to a more stable form. Compared with commercial platinum 
on carbon, the electrocatalyst obtained from pyrolysis at 850 °C, 
showed remarkable properties, with onset potential of 0.943 V vs 
RHE and half-wave potential of 0.811 V vs RHE and even better 
stability and anti-poisoning. In addition, zinc–air batteries tests were 
also carried out and the optimized catalyst exhibited high maximum 
power density. 
Introduction 
Plastic is used in a wide range of consumer and industrial 
applications because of its versatility and convenience, however, 
the End of Life (EoL) treatment of the plastic waste, represents a 
challenge to sustainability [1]. A recent estimate has shown that 
the total quantity of plastic waste generated around the world 
from when plastic manufacturing began to the year 2015 was 
about 6.3 billion tons; with about 60% of it being thrown away, 
causing great resources waste and pollution [2]. Therefore, the 
effective transformation and utilization of plastic waste has 
aroused important attention [3]. 
Catalytic pyrolysis is considered to be a possible solution to 
promote the recycling of plastic waste by converting plastic into 
carbon nanotubes (CNT) [4], oil [5] and high heating value gases 
[6]. In particular, carbon nanotubes have attracted increasing 
concern due to their excellent physical and chemical properties 
[7]. Recently, carbon based nanomaterials, like graphene [8], 
graphdiyne [9] and CNT [10], have been widely used as 
electrocatalysts. In particular, transition metals doped (Fe, Co, 
and Ni, etc) and nitrogen doped carbons catalysts (M-N-C) have 
been considered to be the most promising candidates to replace 
conventional Pt-based catalysts for the oxygen reduction 
reaction (ORR) in fuel cells (FCs) or metal-air batteries (MABs) 
[11]. Among the different M-N-C catalysts, Fe-N-C catalysts have 
been extensively studied owing to their excellent catalytic activity 
[12]. Both theoretical calculations [13] and experiments [14] revealed 
that nitrogen incorporation and Fe-coordinated carbon species 
were responsible of great improvements in the ORR activity. 
Nevertheless, to date, most Fe-N-C catalysts still suffer from 
unsatisfactory stability or durability in harsh electrolyte solutions 
due to instability of iron [15]. More importantly, complicated 
fabrication processes and expensive chemical reagents also 
restrict scalable production.  
The catalytic pyrolysis of plastics, provides an environmentally 
friendly and inexpensive strategy to treat a wide range of plastic 
waste that can be used as carbon precursors [16]. Carbon 
nanotubes have a unique structure with particular stability and 
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excellent electrical conductivity, so that they can be applied as 
structure reinforcements [17], or for further electrochemical 
applications, such as for the production of super-capacitors [18].  
Although carbon-based materials derived from plastics have 
recently attracted widespread attention, the application for ORR 
catalysis are rarely reported. Veksha et al [19] have done some 
attempts on the electrocatalytic applications and the CNTs 
electrocatalysts prepared from plastic directly are not as good as 
commercial Pt/C catalyst. Besides, the use of pyrolysis for 
nitrogen doped CNT preparation is a brand new and promising 
technique. In addition, the behavior of micro-structural and 
physicochemical properties of CNT is still unclear, especially 
when doped with heteroatoms of nitrogen. 
Therefore, the analysis presented in this paper have the 
following objectives: 
- to prepare Fe-CNT from the catalytic pyrolysis of polypropylene, 
using alumina loaded with iron; 
- perform co-pyrolysis of the produced Fe-CNT with melamine to 
obtain the final Fe−N−CNT catalysts to be used in FCs and 
MABs to promote ORR. This was done focusing the attention on 
the optimization of co-pyrolysis final temperature; 
- to evaluate the performance of the Fe-N-CNT catalysts with an 
electrochemical workstation. 
Fe-N-CNT850 (obtained at 850°C final co-pyrolysis temperature) 
exhibited remarkable catalytic activity compared to the 20% Pt/C 
catalyst and even better stability. This method provides a novel 
strategy to realize the recycling of waste plastics and large-scale 
production of carbon nanotubes, and more importantly, it 
represents a way to prepare low-cost, high-performance 
nonprecious metal catalysts for ORR. 
Results and Discussion 
Typical scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) images of Fe-N-CNT850 showed 
that graphitic CNTs were prepared, in which Fe nanoparticles 
were encapsulated (Figure 1a, b). 
 
Figure 1. (a) SEM image of Fe-N-CNT850. (b) TEM image of Fe-N-CNT850 
with encapsulated Fe nanoparticle. (c) HR-TEM image showing the presence 
of Fe nanoparticles. (d) HR-TEM image showing the presence of Fe3C. (e) 
HAADF–STEM cross-sectional compositional profiles. (f) HAADF–STEM 
images with elemental mapping of C, N and Fe. 
The average outer diameters of carbon nanotubes and the iron 
nanoparticles in Fe-N-CNT850 are 16.0 nm and 10.8 nm, 
respectively (Figure S1). This is due to the small size of the 
aluminium oxide substrate material (in the order of nanometers), 
which helped finer iron dispersion for the further catalytic 
volatiles vapor deposition [20]. The high-resolution TEM (HR-
TEM) images revealed that Fe nanoparticles were wrapped with 
several thin layers (about 10 layers) (Figure 1c, d). Furthermore, 
the HR-TEM in Figure 1d indicated that the carbon layer 
spacing out of the nanoparticles was ~0.34 nm, which was 
corresponding to the graphitic carbon spacing [21]. The lattice 
fringe inside the nanoparticles was 0.204 nm, this was 
associated with (220) plane of Fe3C or (100) plane of Fe 
[11]. The 
X-ray diffraction (XRD) spectra in Figure 2a showed that all 
catalysts have similar positions and numbers of the peaks. The 
peak at 37.7º appeared after the nitrogen doping process, along 
with other four peaks at 43.2º, 57.3º 67.9º and 76.3º, this, further 
confirms the existence of Fe3C in the synthesized catalysts; 
Fe3C has been confirmed to be an efficient catalytic active site in 
other works [22].  
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Figure 2. (a) X-ray diffraction of synthesized catalysts. (b) total XPS spectrum 
of synthesized catalysts. (c) high-resolution XPS spectrum of C 1s for Fe-N-
CNT850. (d) high-resolution XPS spectrum of O 1s for Fe-N-CNT850. (e) high-
resolution XPS spectrum of N 1s for synthesized catalysts. (f) high-resolution 
XPS spectrum of Fe 2p for synthesized catalysts. 
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Simultaneously, the XRD peaks at 26.3º and 45.6º, which are 
the characteristic peaks of graphite and Fe, were also observed. 
Furthermore, the line profiles in high-angle annular dark-field 
scanning TEM (HAADF–STEM) image for a single particle 
(Figure 1e) showed much stronger signal for Fe than N, which 
indicated that there was a small amount of nitrogen binding to 
iron after the nitrogen doping process. The TEM–energy-
dispersive X-ray (TEM-EDX) revealed that Fe-N-CNT850 was 
mainly composed of C, encapsulated nanoparticles of Fe and 
also a small amount of nitrogen (Figure 1f). 
To further investigate the chemical composition and content of 
each element in Fe-CNT and Fe-N-CNTs, X-ray photoelectron 
spectroscopy (XPS) was employed. The full spectrum (Figure 
2b) of Fe-CNT and Fe-N-CNTs displayed distinctive peaks of C 
and O, in this case, peaks of N and Fe were apparently not 
observed because of low content. For further investigation, the 
high resolution XPS spectra of C, N and Fe are shown in Figure 
2c, d, e and f. The XPS spectrum of C 1s for Fe-N-CNT850 
showed that the main sharp peak is located at 285 eV and 
corresponds to C=C and C-C, which represent the existence of 
graphitic carbon. The C=C and C-C peaks mainly derive from 
the ordered graphitization structure of carbon nanotubes which 
promotes conductivity and electron transport [23]. While the peak 
at about 285.9 eV is associated with C-O or C-N and the peak at 
about 286.9 eV corresponds to C=O or C-N, which might 
correspond to the C-N heterocycles formed during melamine 
pyrolysis process [24]. The latter peak at ~290.2 eV could be 
ascribed to -COOR, originating from leaching of nitric acid [25] 
(Figure 2c). The XPS spectrum of O 1s for the Fe-N-CNT850 
catalyst is shown in Figure 2d. The original data could be 
divided into four peaks, located at 532.2 eV, 533.1 eV, 534.0 eV 
and 535.2 eV, corresponding to C=O/C-O, C-O-C, -COOH and 
chemisorb oxygen/water, respectively. The presence of a large 
number of oxygen-containing groups facilitates the hydrophilicity 
of the electrocatalysts and promotes their sufficient contact with 
the electrolyte, which implies a sufficient contact of reaction 
media with the active sites [26]. C 1s and O 1s XPS spectra of 
other samples are shown in Figure S2 and S3. Furthermore, the 
XPS N 1s spectrum for different catalysts showed several 
different peaks (Figure 2e). The N content of Fe-CNT was 0.34 
wt.% and the peak at 405.3 eV was attributed to chemisorbed 
nitrogen oxides, derived from the nitrate radical functional group 
introduced by nitric acid leaching. Furthermore, another two 
peaks at 398.6 eV and 400.0 eV were detected, which were 
associated with pyridinic-N and pyrrolic-N groups. After the 
nitrogen doping, the content of N in Fe-N-CNTs increased 
greatly. Interestingly, existing forms and relative intensities of N 
for different samples changed distinctly with the increase of 
doping temperature. This indicates that N-bond configuration is 
deeply influenced by temperature. The higher the temperature 
the more stable forms of nitrogen are produced [27]. The XPS N 
1s spectra for different nitrogen doping temperatures showed 
obvious differences, which were reflected in the spectra, where 
peaks number clearly decreased. When nitrogen doping 
temperature was 750 °C - 800 °C, nitride-like species occurred 
for the first time, which could be attributed to the formation of g-
CNx from melamine pyrolysis [28]. Furthermore, compared with 
Fe-CNT, the content of pyridinic-N in Fe-N-CNT750 and Fe-N-
CNT800 increased, which mainly came from the cyclization 
reactions of O-containing compounds (produced from nitric acid 
leaching) reacting with N-containing intermediates derived from 
melamine pyrolysis (such as NH3) 
[29]. However, with the further 
increase in the doping temperature, the relatively active nitrogen 
groups, such as nitride-like species and pyridinic-N decreased. 
When the temperature reached 850 °C, nitride-like species and 
pyridinic-N disappeared. This might be due to the conversion of 
some pyridine-N to quaternary-N at high temperature through 
condensation reactions [29]. Moreover, NH3 produced from the 
pyrolysis of the melamine together with the CNTs could also 
generate some N-containing groups on the surface of Fe-N-
CNTs. More importantly, the XPS spectra of Fe 2p for Fe-CNT 
and Fe-N-CNTs were shown in Figure 2f. Compared with Fe-
CNT, the relative contents of Fe in Fe-N-CNTs were a little bit 
higher, which might be ascribed to the damage of the integrity of 
carbon nanotubes from the nitrogen doping process, and can 
lead to an increase of iron exposure. The maximum iron content 
can reach 1.17 wt.% for Fe-N-CNT750, and the relative contents 
of Fe for other samples are shown in Table S2. For Fe-CNT, low 
Fe content made it difficult to perform further analysis of the 
corresponding XPS spectrum. Whereas, for Fe-N-CNTs, the Fe 
2p XPS spectrum could be divided into several peaks. The peak 
at 707.8 eV for Fe 2p spectrum of Fe-N-CNT850 corresponds to 
Fe-C, which was consistent with the TEM and XRD results. In 
addition, the XPS spectrum of Fe 2p for Fe-N-CNT850 showed 
much higher peak for Fe-C, derived from melamine catalytic 
pyrolysis in the presence of Fe. 















































































Figure 3. (a) Raman spectrums of all samples and (b) N2 adsorption 
/desorption isotherms and pore distribution of Fe-N-CNT850. 
The graphitic structure of the different samples was further 
studied by Raman analysis (Figure 3a). For all Fe-N-CNT, 
Raman spectra showed three peaks at about 1340 cm-1 (D 
band), 1580 cm-1 (G band), and 2670 cm-1 (G’ band), 
corresponding to the sp3 disordered and defected in graphene, 
the planar motion of sp2-hybridized carbon atoms in the graphite 
layers and the graphene-like sheets or CNTs, respectively [30]. 
The number of disordered and defected sites in the carbon 
structure can be estimated from the relative peak intensity ratio 
of D to G bands (ID/IG) 
[31]. The ID/IG calculated value of Fe-CNT 
was 0.81. And the ID/IG value of Fe-N-CNTs’ had a tendency to 
decrease with the increase of the nitrogen doping temperature. 
This suggested that higher temperature is favorable for 
microstructural rearrangement, leading to the decrease in 
structural defects and the increase in the graphitization degree 
[10]. In addition, the intensity ratio IG’/IG could be used to describe 
the purity of the carbon nanotubes and the higher intensity ratio 
of IG’/IG corresponds to higher purity 
[32]. Compared with Fe-CNT 
(0.58), the IG’/IG ratio of Fe-N-CNTs was smaller, this meant that 
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Fe-N-CNTs had lower purity than Fe-CNT, due to the destructive 
effect of the nitrogen doping process.  
The porous characteristics of all synthesized catalysts were 
analyzed with the nitrogen adsorption−desorption technique 
(Figure 3b and S4). For example, Fe-N-CNT850 showed a type 
of IV isotherm and H3 hysteresis loop and the relative pressure 
of the loop ranged from 0.5 and 1.0, which is one of the main 
characteristics of mesoporous materials. It also exhibited a 
specific surface area of 114.4 m2 g−1, a little smaller compared 
with that of Fe-CNT (126.1 m2 g−1), due to possible structural 
damage in the nitrogen doping process. The pore size 
distribution curve (Figure 3b inset) further confirmed the 
existence of mesoporous structure with pore diameters centered 
at about 4.4, 10.1, 16.2 and 26.8 nm. This mesoporous structure 
of the catalyst is very useful in the exposure of active catalytic 
sites and the diffusion of the electrolyte during the catalytic 
reactions [33]. 
The comparison of CV curves of Fe-CNT, Fe-N-CNTs and 20% 
Pt/C catalyst showed that reduction peaks for Fe-N-CNTs were 
more positive than that of Fe-CNT (0.69), suggesting that the 
oxygen reduction reaction occurred involving oxygen contained 
in the electrolyte (see Figure S5). The linear sweep voltammetry 
(LSV) curves (Figure 4a) exhibited that Fe-N-CNT850 showed 
higher positive onset potential (the potential at which the ORR 
starts) of 0.943 V, 137 mV than that of Fe-CNT and that of 20% 
Pt/C catalyst (only 26 mV negative), respectively. Furthermore, 
Fe-N-CNT850 showed higher positive half-wave potential of 
0.811 V, 156 mV positive compared with that of Fe-CNT and 39 
mV negative than that of the 20% Pt/C catalyst, respectively. In 
short, Fe-N-CNT850 has shown comparable electrocatalytic 
activities to those of 20% Pt/C catalyst. Fe-N-CNT850 also 
revealed more positive onset potential and half-wave potential 
than other synthesized catalysts. The ORR kinetics of Fe-N-
CNT850 were evaluated from RDE tests at different rotation 
speeds, ranging from 800 rpm to 2400 rpm. The limited diffusion 
current density increased as the rotation rate increased, as a 
result of the improved mass transport and faster oxygen 
diffusion to reaction sites (Figure 4b). The fitting curves of 
Koutecky-Levich (K-L) plots presented in Figure 4c show almost 
linear relationships, indicating a first-order reaction kinetics 
towards the concentration of dissolved O2 in the solution at 
different potentials. As can be seen from Figure 4d, the 
numbers of transferred electrons (n) calculated from K-L plots 
had a similar value, which changed from 3.81 to 3.92 over the 
potential range of 0.3-0.6 V, which is close to the theoretical 
value of 4. All above reported the results confirm the remarkable 
electrocatalytic activities of Fe-N-CNT850. Favorable activities of 
Fe-N-CNT850 could be ascribed to the co-existence of Fe3C 
and N species, especially quaternary-N has good electrical 
conductivity, which plays an important role for the 
electrocatalytic process [34]. Moreover, other catalysts were also 
evaluated with different rotation rates LSVs and K−L plots, and 
transfer electron numbers were also simulated (Figure S6). 
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Figure 4. (a) LSV curves of O2-saturated solutions at the scan rate of 5 mV s
−1
 
with the rotation speed of 1600 rpm for all catalysts. (b) LSV curves of Fe-N-
CNT850 at different rotation rates. (c) The corresponding K–L plot of Fe-N-
CNT850 at different potentials. (d)The electron transfer number (n) of Fe-N-
CNT850 catalyst. 
Long-term stability and methanol tolerance of the ORR catalysts 
are also important and critical indices for the practical application 
to fuel cells. To evaluate the stability of the synthetic samples, 
chronoamperometry response was performed in O2-saturated 
0.1M KOH at 0.6V. For a reference comparison, the stability test 
of commercial 20% Pt/C was also conducted under the same 
conditions. There was only a small decrease for Fe-N-CNT850 
in the i-t curve after 40000s of uninterrupted working test (In 
Figure 5a), and the current retention rate was higher than that of 
20% Pt/C, while Fe-CNT showed about 80% current density of 
the initial just after the 20000s of testing. Compared with Fe-
CNT, the high durability of Fe-N-CNT850 might be due to the 
flakes of graphitic layers from melamine pyrolysis that may block 
the openings of the carbon nanotube, which prevented Fe 
particles, wrapped in CNT, from corrosion and avoiding the 
dissolution and re-deposition process of metal particles during 
ORR testing [35]. In addition, the polarization curves of Fe-N-
CNT850 and 20% Pt/C catalyst, obtained before and after 40000 
s test are presented in Figure 5b and 5c. Compared with the 
initial result, Fe-N-CNT850 catalyst shows only 9 mV negative in 
half-wave potential after stability test, which is superior than that 
of Pt/C catalyst (15 mV). Besides, some characterizations of the 
Fe-N-CNT850 catalyst after stability test were presented in 
Figure S7. The HAADF-STEM and XPS results shows no 
obvious changes before and after stability test. All these results 
further confirm the satisfactory long-term stability of Fe-N-
CNT850 catalyst. 
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Figure 5. (a) Chronoamperometric responses of Fe-CNT, Fe-N-CNT850 and 
20% Pt/C in O2-saturated 0.1 M KOH with a rotation rate of 1600 rpm at 0.6 V. 
(b) Polarization curves of Fe-N-CNT850 obtained before and after stability test. 
(c) Polarization curves of Pt/C obtained before and after stability test. (d) 
Chronoamperometric responses of Fe-N-CNT850 and 20% Pt/C at 0.6 V in 
O2-saturated 0.1M KOH with and without methanol. 
Furthermore, methanol tolerance of Fe-N-CNT850 and Pt/C 
catalysts was evaluated by chronoamperometry response with 
and without the existence of methanol. As shown in Figure 5d, 
there was an apparent current drop (decreased more than 15% 
of the initial current) for the commercial 20% Pt/C catalyst when 
methanol was introduced into the electrolyte at 400s and the 
current continued to decay in the followed test. Nevertheless, 
Fe-N-CNT850 exhibits better methanol tolerance than the 20% 
Pt/C catalyst and the current of Fe-N-CNT850 decreased slightly 
after methanol addition and tended to be stable around 800s, 
which indicated that Fe-N-CNT850 showed higher tolerance to 
methanol and better resistance to poisoning, compared with the 
reference Pt/C electrocatalyst. Better stability and methanol 
tolerance of Fe-N-CNT850 make it possible for it to be a 
promising candidate for the oxygen reduction reactions.  
Further work was undertaken where primary Zn-air batteries 
were assembled with Fe-N-CNT850 and Pt/C catalyst, and their 
cell performances were evaluated. Fe-N-CNT850 based Zn-air 
battery was stable for more than 5000 s of usage at a high open-
circuit potential of 1.44 V, which was negligibly lower (0.02 V) 
than that of the Pt/C based zinc-air battery (1.46 V) (Figure 6a). 
Furthermore, as showed in Figure 6b, the Fe-N-CNT850 based 
zinc-air battery showed a higher peak power density of 120.44 
mW cm-2, while the Pt/C based zinc-air battery exhibited lower 
peak power density of 98.53 mW cm-2. 
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Figure 6. (a) Open circle potentials and (b) Polarization and power density 
profiles of Zn-air batteries with Cathodic catalyst loaded by Fe-N-CNT850 and 
20% Pt/C at 10mV s−1. 
Conclusion 
In conclusion, an easy, controllable and scalable synthesis route 
was developed to achieve one-dimensional tubular Fe and N co-
doped carbon-based materials (Fe-N-CNTs) through catalytic 
pyrolysis of waste plastics. The optimized Fe-N-CNT850 catalyst 
displayed better catalytic activity than the pristine Fe-CNT. In 
particular, compared with Fe-CNT, onset potential and half-wave 
potential of the Fe-N-CNT850 catalyst shifted 137 mV and 156 
mV to the positive, respectively. Fe-N-CNT850 also showed 
higher limiting-current density than that of Fe-CNT. Furthermore, 
Fe-N-CNT850 revealed remarkable electrocatalytic activities 
compared with 20% Pt/C. The significantly enhanced 
performance of Fe-N-CNT850 was also manifested by better 
stability and anti-poisoning properties. In addition, a Fe-N-
CNT850 based Zn-air battery exhibited a higher power density 
of 120.44 mW cm-2 compared to that of 20% Pt/C. The novel 
catalytic pyrolysis of waste plastics used to prepare 
electrocatalysts offers a scalable preparation and 
environmentally-friendly route to rationally designed, practical 
and highly-active one-dimensional tubular heteroatoms co-
doped carbon-based materials, providing an alternative method 
for developing cheap electrocatalysts for next generation energy 
related storage technology. 
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Fe-CNT is produced from the catalytic pyrolysis of polypropylene, using alumina loaded with iron. Co-pyrolysis of Fe-CNT with 
melamine obtains the final Fe−N−CNT catalysts. ORR activity of Fe-N-CNTs is comparable to commercial 20 % Pt/C catalyst. 
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